Background: The cytokine macrophage migration inhibitory factor (MIF), originally described as a T cell product, has recently been identified to mediate cellular interactions in several endocrine organs. Western blots analysis of rat epididymal homogenates using an anti-MIF antibody indicated the presence of substantial amounts of an immunoreactive protein with the apparent M r of 12 kDa. Our study aimed to characterize the molecular nature of this immunoreactive factor. Materials and Methods: The purified 12 kDa protein and a cloned cDNA fragment were characterized by sequence analysis. Furthermore, expression pattern and localization of the 12 kDa protein were investigated using in situ hybridization, immunohistochemistry, immunoelectron microscopy, and western blots experiments on epididymal sections, isolated epididymal vesicles, and outer dense fibers from spermatozoa. Results: The N-terminal amino acid sequence analysis over 10 amino acids revealed a 100% homology of the 12 kDa protein to the N-terminus of the cytokine MIF. These data were confirmed by sequence analysis of a reverse transcription polymerase chain reaction (RT-PCR) amplified cDNA fragment from rat epididymis, which also showed complete homology to the MIF cDNA sequence.
MIF protein and mRNA were localized in the epithelial cells of the epididymis in a regional distribution manner, with the expression maximal in the caput. Immune cells were not labeled. MIF is the first classical cytokine identified to be expressed by the epididymal epithelial cells. Immunoelectron microscopy detected MIF immunoreactivity in the cytoplasm, with no reaction visible in the Golgi complex and the cisternae of the endoplasmic reticulum. At the apical cell surface, MIF accumulated in stereocilia and vesicles that were pinched off from the plasma membrane. MIF detection in vesicles isolated from epididymal secretion together with the lack of a N-terminal signal sequence for translocation in the endoplasmic reticulum strongly suggested a nonclassical secretion mode. Furthermore, MIF was identified as a new component of the outer dense fibers (ODF), a cytoskeletal element of the mid-and principal piece of the sperm tail.
Conclusion: The cytokine MIF was identified in substan

Introduction
Originally, the macrophage migration inhibitory factor (MIF) was described as a classical T cell cytokine (1, 2) . In addition to its T cell-associated functions, MIF was identified as a pituitary hormone and macrophage-derived cytokine that counter-regulated the glucocorticoid-mediated suppression of the immune response (3, 4, 5) . Furthermore, MIF was detected as a key regulator in lipopolysaccaride (LPS)-induced sepsis. Inhibition of MIF by neutralization using antibodies or by targeted gene disruption resulted in substantially increased survival rates of animals treated with otherwise lethal doses of lipopolysaccaride (3, 6) . During the last few years, various additional properties of MIF have been discovered. MIF can function as an enzyme exhibiting tautomerase (7) and probably thiol-protein oxidoreductase activity (8) . These data suggest that MIF has much broader roles beyond its function as a classical cytokine. This hypothesis is supported by the fact that MIF was found to be secreted by the Leydig cells of the testis, where it modulated inhibin production of Sertoli cells (9) . Furthermore, MIF shows a unique compensatory production in rat testis. Depletion of the original MIF source, the Leydig cells, by the specific toxin, ethane dimethan sulfonate (EDS), caused a compensatory MIF expression by the Sertoli cells, which were negative in normal rat testis. Leydig cell repopulation of the interstitial tissue after EDS treatment by precursor cells resulted in a switch back to production by Leydig cells (10) . The detection of MIF in the testis raised the possibility of the further existence of MIF in the other parts of the reproductive tract. In fact, Western blots analysis indicated the presence of a 12 kDa protein in epididymal homogenates reacting with an anti-MIF antibody. This prompted us to characterize the molecular nature of this immunoreactive 12 kDa polypeptide in rat epididymis and in the epididymis duct fluid by using a combination of biochemical and molecular biological methods, as well as immunohistochemistry and in situ hybridization studies.
In mammals the composition of the epididymal fluid is largely maintained by a complex process of absorption and secretion of the epithelial cells lining the duct (11) . The regulation of this process and the mechanisms of secretion are not well known, though a general agreement exists that the secreted compounds interact with the spermatozoa and are indispensable for the maturation of the latter (11).
Materials and Methods
Reagents
Reverse transcription-polymerase chain reaction (RT-PCR) of peripheral blood monocytes was used to amplify the coding sequence of mouse MIF using primers 5Ј-CGCCATATGCCTATGTTCATCGTGAAC-3Ј and 5Ј-CGGATCCGACTCAAGCGAAGGTGGAAC-3Ј, which incorporated the NdeI (5Ј) and BamHI (3Ј) restriction sites. The cDNA originally was cloned into the pCRII vector (Invitrogen, Groningen, The Netherlands), subcloned into the NdeI and BamHI sites of the pET-17b vector (Novagen, Madison, WI), and then sequenced. Following the manufacturer's protocols, protein was expressed in pLysS cells and induced with 0.4 mM isopropyl ␤-D-thiogalactoside for 3 hr at 25ЊC. Recombinant MIF (rec MIF) was then purified from the cell lysates. A monoclonal anti-mouse MIF antibody was raised in mouse using standard procedures.
Tissue Preparation
Male adult Wistar rats (ranging in body weight from 290-310 g; Charles River, Kisslegg, Germany) were anesthetized and killed by CO 2 asphyxiation. Testes and epididymides were removed, and epididymal duct fluid was obtained separately from the caput, corpus, and cauda region by rinsing the respective epididymal segments in ice-cold buffer (250 mM sucrose, 10 mM Tris-Cl, 1 mM EDTA, and 1 mM Pefabloc SC inhibitor; pH 7.4, Serva, Heidelberg, Germany). All successive steps were carried out at 4ЊC. Epididymal sperm cells were separated at 600ϫ g for 10 min. The supernatant was centrifuged at 2,000ϫ g for 20 min to precipitate tissue fragments and cell debris. The resulting supernatant was used either for MIF isolation or was further ultracentrifuged at 100,000ϫ g for 30 min in order to isolate vesicles from epididymal duct fluid according to the method described by Fornes et al. (12) . To obtain total tissue extracts decapsulated testes and the epididymides were processed carefully in Tris sucrose buffer using a Potter Elvehjem homogenizer (Braun Biotech, Melsungen, Germany). Tissue aggregates and cell debris were removed by centrifugation at 200ϫ g for 10 min. The supernatants were collected and the cytosol separated from the cell organelles by ultracentrifugation at 100,000ϫ g for 30 min. Protein content of the samples was analyzed according to the colorimetric method described by Bradford (13) .
SDS-PAGE
Samples of testicular and epididymal cytosol, epididymal duct fluid, the vesicular fractions isolated from epididymal fluid, and isolated outer dense fiber (ODF) proteins from spermatozoa, respectively, were diluted 1:2 in reducing sample buffer containing 2% (weight per volume; w/v) SDS and 0.2% (w/v) DL-dithiothreitol (DTT). Samples were separated on a 10% Tricine-SDS polyacrylamide gel according to the method of Schagger and Jagow (14) . Afterwards, the gels were fixed in 10% trichloroacetic acid (TCA) for 30 min and subsequently stained with silver (15) or Coomassie brillant blue.
Western Blots Analysis
After gel electrophoresis, proteins were transferred onto a 0.2 m nitrocellulose membrane (Schleicher & Schuell, Dassel, Germany). The membrane then was incubated consecutively with a polyclonal rabbit antibody (1:800) raised against rec MIF overnight at RT and with peroxidase-conjugated goat anti-rabbit-immunoglobulin G (IgG) antibody (Cappel, Durham, NC; 1:10,000) for 1 hr at RT. Immunoreactive bands were visualized using the enhanced chemoluminescence (ECL) system (Amersham, Braunschweig, Germany) or, alternatively, with diaminobenzidine (DAB)/H 2 O 2 .
Purification of MIF From Rat Epididymis
For purification of the 12 kDa protein, epididymal fluid and cytosol fraction were fractionated by ammonium sulfate precipitation (40-70% saturation). Precipitated proteins were redissolved in 50 mM Tris-HCl buffer (pH 7.5) containing 10 mM EDTA and further purified by anion exchange chromatography on a fast performance liquid chromatography Northern Blots Analysis 5 g of total RNA isolated from the rat testis and the separated caput, corpus, and cauda fractions of rat epididymis, respectively, were applied on a 1% agarose gel according to methods described by Sambrook et al. (17) . Thereafter, transferred RNA was hybridized with digoxigenin (DIG)-labeled riboprobes (dilution of 1:5000) and detected using chemoluminescence reagents (Tropix, Heidelberg, Germany).
In Situ Hybridization
In situ hybridization was performed on 5 m paraffin sections of formalin-fixed tissue using a newly developed microwave-based protocol as described in detail by Lan et al. (18) .
Immunohistochemistry and Immunoelectron Microscopy
Bouin's fixed tissue specimens were incubated overnight with the antibody raised against rec MIF. The bound antibody was visualized using the Universal LSAB 2 horseradish peroxidase kit according to the manufacturer's instructions (Dako, Hamburg, Germany). Sections were stained with diaminobenzidine (DAB) as the chromogenic substrate. For immunofluorescence analy-sis, isolated epididymal and testicular spermatozoa were treated with 1% Triton X-100 in phosphate-buffered saline (PBS) for 15 min. Primary anti-MIF antibody detection was performed using Cy3-fluorescence labeled secondary antibody (Dianova, Hamburg, Germany). Sperm cells were examined using a Zeiss LSM 410 invert laser scanning microscope.
For immunoelectron microscopy, small epididymal tissue fragments were fixed in a mixture of 0.5% glutaraldehyde, 1.25% paraformaldehyde, 0.025% picric acid, and 2.5% polyvinylpyrrolidine in 100 mM cacodylate buffer (pH 7.3) overnight. Immu-noreaction on semithin sections and immunoelectron microscopy on ultrathin sections were performed as described previously by Steinhoff et al. (19) . Antiserum pre-absorbed with rec MIF in excess and preimmune serum were used as negative controls. The vesicles isolated from epididymal fluid were fixed as above and processed for routine electron microscopical examination.
Isolation of Outer Dense Fiber Proteins (ODF)
The procedure followed the protocol developed by Oko (20) , with modifications. Briefly, washed epididymal sperm from 20 rats were sonicated for 5 min in PBS (Labsonic U, B. Braun, Melsungen, Germany; 10W, repeating duty cycle: 0.5 sec, power level: maximal increased). Separated sperm tails and heads were pelleted and resuspended in 65% sucrose and layered over a sucrose step gradient composed of 8 ml fractions of 65%, 70%, and 75% (w/v) sucrose in water and centrifuged at 100,000ϫ g for 80 min. The purified sperm tails (FPLC) system using a MonoQ-column (Pharmacia, Freiburg, Germany) equilibrated with 50 mM Tris-HCl buffer (pH 7.5), 10 mM EDTA. Bound proteins were eluted using a gradient ranging from 0 to 1 M NaCl in 50 mM Tris-HCl buffer (pH 7.5), 10 mM EDTA. The 12 kDa protein was detected in the first flow-through fractions by Western blots analysis. These fractions were pooled and applied to a Superdex TM 75 column (Pharmacia, Freiburg, Germany) equilibrated with 50 mM Tris-HCl buffer (pH 7.8), 1 mM EDTA, and 100 mM NaCl. Eluted fractions were tested for the 12 kDa protein by Western blots analysis. Purity was verified by SDS-PAGE and silver staining.
Amino Acid Sequence Analysis
Fractions highly enriched with the 12 kDa polypeptide were electrophoresed on a 10% Tricine-SDS polyacrylamide gel as described above, then transferred onto polyvinylidene difluoride (PVDF) membrane (0.2 m; Bio-Rad, Munchen, Germany) according to the method of Kyhse-Andersen (16) using a semidry transfer unit (Serva, Heidelberg, Germany). After blotting, the membrane was stained with Coomassie brilliant blue for 1 min, destained with 50% methanol, and then extensively washed with distilled water. The 12 kDa band was excised and cut into small pieces. Amino terminal sequence analysis of the membrane bound polypeptide band was carried out by Edman degradation on an Applied Biosystems pulsed-liquid-phase sequencer, model 477 A (Foster City, CA). Phenylthiohydontoin (PTH) derivates of amino acids were identified by online detection on a model 120 A recorder (Applied Biosystems, Forster City, CA), with a repetitive yield of 92-95%, according to the manufacturer's instructions.
Reverse Transcription-Polymerase Chain Reaction (RT-PCR) and Cloning of cDNA Fragments
Total RNA was extracted from rat testes and epididymides using the Trizol™-reagent (Gibco BRL, Eggenstein, Germany) according to the manufacturer's instructions. 2 l aliquots of reverse transcribed cDNA were amplified by PCR using the following conditions: denaturation for 30 sec at 94ЊC, annealing for 30 sec at 60ЊC, and elongation for 1 min at 72ЊC using MIF-specific primers deduced from the published murine T-cell sequence (3) (25 cycles), or glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers (30 cycles) as a positive control. Murine MIF primers were 5Ј-CCATGCCTATGTTCATCGTG-3Ј and 5Ј-GAACAGCGGTGCAGGTAAGTG-3Ј bordering a 381-base pair (bp) segment. Primers for human and rat GAPDH were 5Ј-CGTCTTCACCACCATGGAGA-3Ј and 5Ј-CGGCCATCACGCCACAGTTT-3Ј bordering a 300-base pair segment. The eluted cDNA was then ligated into the pCR™ II cloning vector (Invitrogen, San Diego, CA) and sequenced by MWG Biotech (Ebersberg, Germany).
were obtained from the interface between the supernatant and the 65% sucrose step. Isolated sperm tails were washed in PBS and then solubilized in 1% SDS, 2 mM DTT, 25 mM Tris-HCl, pH 8.0 for 90 min at room temperature under constant shaking. The resulting solution (12 ml) subsequently was layered over a second sucrose step gradient composed of 12 ml fractions of 35% and 75% (w/v) sucrose, and centrifuged at 100,000ϫ g for 60 min. The ODF band obtained from the 35-75% interface was suspended in 25 mM Tris-HCl, pH 8.0, and centrifuged at 50,000ϫ g for 10 min. The final pellet, as well as the supernatant obtained from the second gradient, was used for SDS-PAGE and Western blots analysis.
Results
Detection of 12 kDa Protein in the Epididymis
The anti-MIF antiserum was raised to purified recombinant mouse MIF. Mouse MIF differs from rat MIF by only a single amino acid residue and anti-MIF antiserum showed no cross-reactivity with other serum or tissue proteins. Western blots analysis of epididymal cytosol and duct fluid using the anti-MIF antibody revealed a single band at 12 kDa, which co-migrated with rec MIF (Fig. 1) . MIF from testicular cytosol served as a further positive control (9,10). The vesicular fraction isolated from epididymal secretion showed an identical band at 12 kDa (Fig. 1) . In general, the largest quantity of the 12 kDa protein was detected in the cytosol and duct fluid from the caput region, respectively (Fig. 1) . Substantially reduced immunoreaction was found in the cytosol and duct fluid from corpus and cauda region (Fig. 1) confirming the spatial distribution pattern also shown by immunohistochemistry ( Fig. 2A-C) . 
Purification and Identification of the 12 kDa Protein from Rat Epididymis
The 12 kDa immunoreactive protein was purified from both rat epididymal cytosol and epididymal duct fluid in quantities sufficient for N-terminal sequence analysis. Saturation of 40-70% ammonium sulfate resulted in the precipitation of the 12 kDa-immunoreactive protein and in about 5-fold enrichment. Anion exchange chromatography on a MonoQ-column showed a further accumulation of the 12 kDa protein in the unbound fraction (data not shown). Subsequent gel exclusion chromatography on a Superdex 75 column yielded highly enriched preparations of the epididymal protein, as shown by SDS-PAGE and subsequent silver staining (Fig. 3A) , and by Western blots analysis (Fig. 3B) . 
Immunohistochemical Localization of MIF
MIF labeling was clearly visible in the epithelium of rat epididymis ( Fig. 2A-B) . Principle cells were the predominant positively staining cell type in the epithelium; whereas, a certain proportion of the basal cells were negative ( Fig. 2A-B) . A spatial distribution pattern of MIF was visible with the strongest immunoreaction found in the epithelium of the caput region. Substantially lower levels were seen in the corpus and cauda region. No staining was evident in the stromal part of the epididymis, including all macrophages ( Fig. 2A-B) . Sections showed no staining after pre-incubation of the antiserum with excess rec MIF or after using preimmune serum instead of the MIF antibody (Fig. 2C) . In isolated epididymal spermatozoa, MIF-immunofluorescence labeling was seen with high intensity in the midpiece of sperm tails; whereas, sperm heads were clearly negative (Fig. 4) . It is of note, that pre-treatment of sperm with Triton X-100 was required to reveal MIF immunoreactivity in the spermatozoa.
Expression of MIF mRNA in the Rat Epididymis
RT-PCR of RNA from both rat testes and epididymis resulted in the amplification of a single product that was consistent with the expected length (381 bp) of rat MIF (data not shown). Subsequent sequencing of the entire cloned fragment (381 bp out of 519 bp of the full length MIF cDNA) resulted in a 100% homology between the RT-PCR amplified fragment from rat epididymis and the previously published rat MIF cDNA from rat liver (19) (data not shown). complex were negative for MIF (Fig. 6B,C) . MIF accumulation was evident in the stereocilia and vesicles pinched off from the apical cell surface of the epithelium (Fig. 6B) . Strikingly, a dense colloidal gold labeling was apparent in the ODF of luminal spermatozoa (Fig. 6A) . The fibrous sheath in the principal piece, a further structural component of the sperm tail, and the mitochondria wrapped around the axoneme showed only faint background staining. Vesicles seen in close association with the sperm tail also were positive for MIF (Fig. 6A) . The vesicles seen in the intact epididymis resembled structurally those isolated from the duct fluid (Fig.  6E ) and clearly did not comprise cross-sectioned stereocilia.
Vesicles separated from rat epididymal fluid, which were shown to contain substantial amounts of MIF using Western blots ( Fig. 1 ) and immunoelectron microscopy ( Fig. 6D) , consisted mainly of a heterogeneous population of membrane-bound structures. The vesicles were roughly rounded in Northern blots analysis of rat testis (control), caput, corpus, and cauda epididymis showed a differential MIF expression (Fig. 5A ). The strongest MIF mRNA level was found in the caput region; whereas, the more distal parts of the epididymis were less pro-nounced (Fig. 5A) , confirming the previously mentioned regional distribution pattern. RNA amounts were assessed by both spectrophotometry and ethidium bromide staining of the respective gel (Fig. 5B) .
In situ hybridization clearly localized MIF mRNA to the epithelium of rat epididymis; whereas, the stromal part was not labeled (Fig. 2D-F) . MIF mRNA was expressed in a regionally distributed manner, with the highest intensity seen in the caput region. The labeling of the epithelial cells of the corpus and cauda part was substantially weaker. In contrast to the principal cells, basal cells of the epithelium revealed no MIF expression (Fig. 2D-F) .
Immunoelectron Microscopical Localization of MIF
For ultrastructural localization of MIF, ultrathin sections of rat epididymis were incubated with anti-MIF antibody. Specific labeling with gold particles was observed in the cytoplasmic compartment; whereas, the endoplasmic reticulum and the Golgi shape and varying in diameter. Their content was electron-lucent, however, and the smaller vesicles were seen to contain a more opaque granular material (Fig. 6E) . Only a few contaminating mitochondria were observed in this fraction.
MIF as a Component of the ODF of Rat Spermatozoa
SDS-PAGE of the isolated ODF fraction revealed a series of protein bands. Those around 80-85 kDa, a complex around 60-70 kDa, 47 kDa, and 23-32 kDa were the most prominent bands (Fig. 7A) . A minor band was seen at around 12 kDa. Using Western blots analysis, the anti-MIF antiserum reacted strongly with a band at 12 kDa in the ODF fraction, as well as with total epididymal sperm from the caput and cauda region (Fig. 7B) . A much weaker reaction was seen in the supernatant collected after the second gradient purification step, which contained other proteins solubilized from the sperm tails (Fig. 7B) . This clearly showed that MIF protein was a component of the ODF of rat epididymal spermatozoa.
Discussion
Our Western blots analysis of rat epididymal homogenates reveals an immunoreactive band at 12 kDa comigrating with recombinant MIF, which is much more intense, compared with that obtained from testicular homogenates. As cytokine expression occurs, usually at much lower levels, and epididymal proteins often display, organ-specific modifications, we characterize this immunoreactive 12 kDa band of the epididymis at the molecular level. Consecutive ammonium sulfate precipitation, anion exchange chromatography on MonoQ, and gel filtration chromatography on Superdex 75 yields a highly enriched preparation of the 12 kDa polypeptide, which is eluted as a monomer. The subsequent N-terminal amino acid sequence analysis reveals a 100% homology over 10 amino acids to the published N-terminus of the cytokine MIF from rat (21) . This data was confirmed at the RNA level by sequence analysis of a RT-PCR amplified cDNA fragment from rat epididymis, which resulted in 100% identity with the published rat MIF cDNA sequence (21) . These results clearly demonstrate that MIF mRNA and protein are synthesized by the rat epididymis.
We hypothesized that the substantial amounts of MIF mRNA and protein detected by Northern and Western blots analysis, respectively, could not be explained solely by immune cell production. Therefore, we performed both immunohistochemistry and in situ hybridization to investigate the source of MIF production in the epididymis. The combination of both methods is particularly important as immunohistochemistry alone shows only the presence of an antigen, which in case of the cytokine MIF also can be the site of binding or uptake. Both approaches demonstrate that MIF is synthesized by the epithelial cells of the rat epididymis with the principal cells as the main source. In contrast, most of the epithelial basal cells show no evidence of MIF expression. The stromal compartment, including all macro-phages, is completely devoid of any MIF labeling. Therefore, MIF is the first classical cytokine identified to be synthesized by the epithelial cells of the epididymis. Its detection in vesicles isolated from epididymal fluid and the lack of a N-terminal signal sequence for translocation into the endoplasmic reticulum (ER) is strongly suggestive of a nonclassical mode of secretion. To further investigate this possibility, we performed immunoelectron microscopy, which found MIF localizes in the cytoplasm of epididymal epithelial cells with no gold-labeling visible in the ER cisternae and the Golgi complex. At the luminal cell surface MIF, is found in stereocilia and in vesicles released from the apical plasma membrane. A similar secretion mode, the apocrine secretion, recently was described in the rat epididymis for carbonic anhydrase II (CAH II) (22) and for the vas deferens (23) . Furthermore, apocrine secretion for CAH II (24) and for secretory transglutaminase (TGase) (25, 19) was reported in the coagulating gland, an accessory sex gland of male rats. CAH II and TGase, like MIF, do not contain an ER signal sequence, are located exclusively in the cytoplasm, and bind to albumin (26) , which was identified as a likely carrier of proteins destined for apocrine secretion (27) . The MIFcontaining vesicles in epididymal fluid suggest a possible cell-to-cell transfer of MIF to the spermatozoa. A similar type of transfer from the epididymal epithelium to sperm cells was shown for the human epididymal (HE) product, HE5, a small glycosylphosphatidylinositol-anchored glycopeptide secreted by the epididymal principal cells (28, 29) . This mechanism could be mediated by the intimate contact between vesicles in epididymal duct fluid and spermatozoa, demonstrated at the ultrastructural level by the findings of Fornes and de Rosas (30) . Indeed, in our study, MIF-positive vesicles also are seen in close association with the sperm tail. The hy- pothesis of a cell-to-cell transfer of MIF is further supported by the fact that MIF, clearly visible in the midpiece and principal piece of epididymal spermatozoa pretreated with Triton X-100, is not seen in spermatozoa in the testis (9,10). More importantly, using immunoelectron microscopy, a strong MIFlabeling is evident in the outer dense fibers (ODF) of the sperm tail. High power micrographs reveal that most of the MIF protein is confined to the cortex of the ODF. The ODF are a cytoskeletal element that surround the axoneme in the middle piece of the flagellum, which is characterized by the presence of the mitochondrial sheath, and in the more distal principal piece. In the middle piece there are nine ODF, each one connects with one microtubular doublet of the axoneme. In the principal piece, the ODF are reduced to seven and progressively decrease in size distally (31) . Biochemical analysis show that the ODF proteins identified so far are cystein-rich proteins. These proteins successively form disulfide bonds during epididymal passage, a step crucial for providing the sperm tail with the indispensable stiffness for the generation of sperm motility, especially progressive motility (32, 33) . Despite the importance of the timely formation of the disulfide bonds in the ODF for male fertility, the molecular basis of this alteration is poorly understood.
As a conventional membrane receptor for MIF has not been identified, other nonreceptor-mediated effector mechanisms must be considered. One such mechanism recently was described by Kleemann et al. (8) , who found that MIF can function in vitro as an enzyme exhibiting thiol-protein oxidoreductase activity. This is particularly interesting in light of the striking presence of MIF in the ODF of the sperm tail. This colocalization could provide the molecular basis for an enzymatic role of MIF in this process. Recent findings of Ursini et al. (34) raise an alternative structural function for MIF. Their study showed that the selenoprotein phospholipid hydroperoxide glutathione peroxidase (PHGPx) could change function and physicochemical characteristics. During sperm maturation, PHGPx switched from a soluble active enzyme to an enzymatically inactive structural protein of the sperm tail (34) .
Taken together, we identified MIF on the molecular and cellular level as the first classical cytokine to be expressed and secreted by the rat epididymal epithelium. Our data support the view that MIF is secreted in a nonclassical secretion mode via apocrine-released vesicles into the epididymal fluid where MIF associates with the ODF of the sperm midpiece. Western blots analysis of total sperm from caput and cauda epididymis, and isolated outer dense fiber (ODF) proteins obtained from epididymal spermatozoa show a strong immunoreactive band at 12 kDa when probed with the anti-MIF antibody. The supernatant yield from the second gradient centrifugation step, which is used to separate the ODF from other tail proteins, contains markedly less migration inhibitory factor (MIF). Recombinant MIF (rec MIF; 0.5 g) was used as a positive control.
